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A B S T R A C T

MXene-based composites are widely recognized for their exceptional electromagnetic interference (EMI) 
shielding capabilities. While incorporating porous structures can enhance shielding efficiency, achieving scalable 
and uniformly distributed porosity remains a significant challenge. Here, we report the fabrication of large-area, 
flexible, and porous MXene/polyimide (PI) composite films using a water-borne polyimide (W-PI) matrix and 
polycarboxylate ether (PCE)-functionalized Ti3C2Tx MXene. The comb-like structure of PCE ensures uniform 
MXene dispersion, while its branched functional groups promote the formation of macro pores during thermal 
imidization. As a result, the composites exhibit outstanding EMI shielding effectiveness, reaching 66.1 dB in the 
X-band and 85.0 dB in the Ka-band. The porous architecture, generated through PCE evaporation and MXene 
thermal expansion, enhances both reflection and absorption pathways, further improving shielding performance. 
Additionally, the films demonstrate high electrical conductivity, exceptional flexibility with bending radii below 
2 mm, and remarkable durability, retaining over 95 % of their shielding efficiency after 1000 bending cycles. 
This eco-friendly, water-borne processing strategy, combined with scalable slot-die coating, highlights the 
immense potential of these composites for next-generation applications in 5G communications, wearable elec
tronics, and flexible devices.

1. Introduction

The rapid advancement of electronic and communication technolo
gies has intensified the demand for effective electromagnetic interfer
ence (EMI) shielding materials to ensure signal integrity and minimize 
electromagnetic disturbances [1–6]. Traditional metal-based shielding 
materials, while highly conductive, suffer from limitations such as high 

density, corrosion susceptibility, and lack of flexibility, making them 
unsuitable for modern lightweight and adaptable applications [7–11]. In 
contrast, polymer-based composites have emerged as promising alter
natives due to their low density, flexibility, and ease of processing, 
particularly when combined with advanced conductive fillers. 
Achieving high electrical conductivity is critical for EMI shielding per
formance, making the selection of highly conductive fillers essential.
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Among various fillers, MXenes have demonstrated exceptional po
tential for EMI shielding applications, with Ti3C2Tx MXene standing out 
due to its superior electrical conductivity [12–16]. Additionally, the 
densely populated functional groups and tunable surface chemistry of 
MXenes enhance their versatility for polymer composite synthesis. The 
hydrophilic nature of as-synthesized MXenes, attributed to surface 
functional groups such as –OH and –O, allows for excellent dispersion in 
water. This property enables their seamless integration with 
water-soluble polymers such as poly(acrylic acid) (PAA) and poly(vinyl 
alcohol) (PVA), facilitating eco-friendly processing techniques. 
Furthermore, the two-dimensional morphology and high surface area of 
MXene sheets promote the formation of robust conductive networks 
within polymer matrices, which are crucial for achieving high EMI 
shielding performance [17–19].

However, simply incorporating MXene into polymer composites 
often fails to achieve the electrical conductivity necessary for optimal 
EMI shielding. The MXene filler content is typically constrained, as 
excessive loading can compromise the structural stability and mechan
ical integrity of the composite. To overcome this limitation, additional 
EMI shielding mechanisms must be employed. One effective approach 
involves introducing pores to enhance wave attenuation through inter
nal reflection and multiple scattering. Various methods, such as rapid 
annealing of MXenes or the incorporation of sacrificial polymer beads, 
have been explored to create porous structures. Nevertheless, achieving 
a uniform and dense pore distribution while maintaining structural and 
mechanical integrity remains a significant challenge, particularly in 
large-area, high-MXene-content polymer composites. Additionally, 
developing a fabrication method compatible with scalable polymer 
processing techniques is essential for practical applications.

In this study, we present a scalable and eco-friendly approach for 
fabricating MXene/polyimide composites with hierarchical porous 
structures and enhanced EMI shielding performance. We address pre
vious challenges by utilizing comb-type polycarboxylate ether (PCE) as a 
dual-function additive: (1) as a dispersing agent to improve the solubi
lity and uniform distribution of MXene sheets within the polymer matrix 
and (2) as a porogen to facilitate the formation of hierarchical porous 
structures during thermal imidization. The use of PCE ensures stable 
MXene dispersion within water-borne poly(amic acid) salt (W-PAAS) 
matrices, a key step for scalable and environmentally friendly fabrica
tion. Additionally, water-borne polyimide (PI) [20–25] provides ad
vantages such as reduced environmental impact and compatibility with 
hydrophilic fillers like MXene, making them ideal for high-performance 
EMI shielding composites. Furthermore, the integration of a water-borne 
polymer system with a fully aqueous MXene dispersion significantly 
reduces the need for organic solvents, meeting growing demands for 
environmentally responsible EMI shielding materials. The slot-die 
coating process adopted in this study is also compatible with 
large-scale industrial production, offering practical advantages over 
conventional lab-scale fabrication techniques. By utilizing PCE evapo
ration and the thermal expansion of MXene during imidization, this 
study achieves large-area, high-MXene-content polymer composites 
with well-defined porous architectures. These structures significantly 
enhance EMI shielding by increasing wave absorption, promoting mul
tiple reflection and scattering pathways, and preserving the mechanical 
flexibility and structural integrity of the films.

2. Experimental section

2.1. Materials

3,3,4,4-Biphenyltetracarboxylic dianhydride (BPDA) and p-phenyl
enediamine (pPDA) were purchased from Sunlight Chemical, China, and 
dried in a vacuum oven at 200 ◦C and 70 ◦C, respectively, for 6 h before 
use. 1,2-Dimethylimidazole (DMIZ) was obtained from Sigma-Aldrich 
and used without further purification. A polycarboxylate ether poly
mer aqueous solution was sourced from L’BESTE GAT and dried at 25 ◦C 

for approximately 2 days in a vacuum oven before use.

2.2. Synthesis of Ti3C2Tx MXene nanosheets

To prepare the etching solution, 20 mL of 9 M HCl was placed in a 
polypropylene bottle, and 1.6 g of LiF was added under stirring at 35 ◦C 
until fully dissolved as following MILD method [26]. Subsequently, 1 g 
of Ti3AlC2 powder was gradually introduced into the etching solution 
and left to react at 35 ◦C for 24 h. The resulting solution, containing 
etched multilayer Ti3C2Tx MXene and partially etched Ti3AlC2, was 
centrifuged at 5000 rpm for 5 min. The acidic supernatant was dis
carded, and the sediment was washed with deionized water to remove 
residual LiF/HCl etchants. This washing process was repeated until the 
pH of the supernatant approached neutrality. The solution was then 
vigorously shaken to delaminate Ti3C2Tx MXene into single sheets. 
Finally, the delaminated sheets were separated by centrifugation at 
3500 rpm for over 30 min, and the supernatant containing the delami
nated MXene sheets was collected for further use.

2.3. Synthesis of water-borne poly(amic acid) salts

Water-borne poly(amic acid) salts (W-PAAS) were synthesized using 
previously reported methods [24,25]. Specifically, BPDA/pPDA-based 
W-PAAS was prepared via a one-step polymerization process conduct
ed in an aqueous solution with 1,2-dimethylimidazole (DMIZ) as an 
organic base to facilitate salt formation [25]. The reaction was carried 
out in a three-necked flask equipped with a mechanical stirrer under a 
nitrogen atmosphere to prevent oxidation. For the synthesis, DMIZ (200 
mmol) and pPDA (80 mmol) were dissolved in deionized (DI) water 
(753.3 mL) and stirred at 25 ◦C for 1 h to ensure complete dissolution. 
Subsequently, BPDA (80 mmol) was gradually added to the solution, and 
the reaction mixture was stirred at 70 ◦C for 18 h. This process resulted 
in the formation of a viscous aqueous solution of W-PAAS with a con
centration of 6.8 wt%, which was prepared for subsequent processing 
steps.

2.4. Preparation of PCE-Ti3C2Tx MXene/PI composite films

The PCE-Ti3C2Tx MXene/PI (PM-XX) composite films were prepared 
through a sequential process involving mixing, solution casting, and 
thermal imidization. Initially, PCE was added to a water-dispersed 
MXene solution (30 mg mL− 1) at a concentration of 43 wt% relative 
to the MXene solid content. This value was determined by excluding the 
mass of water and other volatile components from the total weight, 
which aligns with previous studies using a similar basis for surfactant-to- 
MXene ratios in emulsion systems [27]. The mixture was vigorously 
stirred at 2000 rpm for 20 min using a revolutionary mixer (ARE-310, 
THINKY). Subsequently, W-PAAS solution was added to the PCE-treated 
MXene under continuous agitation. The resulting solution was again 
mixed at 2000 rpm for 5 min using the same mixer. Composite films 
(PM-XX) were then fabricated using a slot-die coater (Table Slot Die 
Coater, DCN Co., Ltd). The films underwent a stepwise thermal imid
ization process to achieve their final form. The imidization involved 
sequential heating in a vacuum oven at 50, 80, 100, and 120 ◦C, fol
lowed by hot pressing at 150, 200, and 250 ◦C, and final heating at 300, 
350, and 380 ◦C, with each step maintained for 40 min. The mass ratios 
of MXene to PI were varied as 7:3, 5:5, 3:7, and 1:9, corresponding to 
composite films designated as PM-30, PM-50, PM-70, and PM-90, 
respectively. The final film thicknesses were measured to be 41.5 μm, 
45.3 μm, 37.2 μm, and 32 μm for PM-30, PM-50, PM-70, and PM-90, 
respectively.

2.5. Characterization

A residual solvent signal was used as an internal standard to obtain 
the 1H nuclear magnetic resonance (1H NMR) spectra using a Bruker 
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advance 500 MHz spectrometer (Billerica, MA, USA). Size exclusion 
chromatography (SEC) was conducted in N-methyl-2-pyrrolidinone 
(NMP) solution with 0.02 M of H3PO4 and 0.02 M of LiBr at 50 ◦C with a 
flow rate of 0.8 mL/min on the Shodex (Showa Denko, Minato, Japan). 
The instrument was equipped with three poly(hydroxy methacrylate) 
columns (multi-pore) with a molar mass of 200–20,000,000 g/mol. 
Fourier transform infrared (FT-IR) spectra were obtained using Bruker 
Alpha-P spectrophotometer in the range of 650–4000 cm− 1 under 
ambient conditions. All rheological tests were conducted using a 
modular compact rheometer (MCR 302e, Anton Paar, Austria) at 25 ◦C 
with a plate-plate geometry. The spindle diameter was 25 mm and the 
gap between plates was 1 mm. Measurements were conducted imme
diately after the mixing process of the samples. Prior to all measurement 
runs, the inserted samples were exposed to a 5-min equilibrium period to 
ensure the correct temperature of the samples and an acceptable level of 
the residual normal force. Steady flow curves and deformation curves 
were measured by the viscosity curve (Viscosity of low-viscosity liquids 
mode). The zero-shear viscosity is the viscosity measured at a shear rate 
of 0.00251 s− 1. Oscillatory measurements were performed with 
Amplitude sweep (yield and flow stress study) with an angular fre
quency of 1 s− 1. The composite film’s internal properties were examined 
by using X-ray diffraction (XRD, Rigaku D/Max-2200/PC X-ray 
Diffractometer), Scanning electron microscopy (SEM, TESCAN/Vega 2 
LSU), transmission electron microscopy (TEM, Tecnai G2 F30 S-Twin, 
FEI) and energy-dispersive X-ray spectroscopy (EDAX, Bruker/Quantax 
200). Thermal properties of the composite films were performed by 
using thermogravimetric analyzer (TGA, TA instruments, Discovery 
TGA 5500) with a ramp-up rate of 5 ◦C–800 ◦C under N2 atmosphere. 
The films were cut into 1 cm × 3 cm. At room temperature, the tensile 
properties of the composite films were tested on using a universal testing 
machine (UTM, ST-1000, SALT, Korea) with a strain rate of 10 mm/min. 
Electrical conductivity were tested by resistivity meter (RSD-40K, S. 
DSA). Flexibility were tested by radius bending tester (JIBT-610, JINIL 
TECH). EMI SE was measured based on the waveguide method with a 
vector network analyzer (KEYSIGHT, PNA Network analyzer, N5222B) 
in the frequency range of 8.2–12.4 GHz (X-band) and 26.5–40 GHz (Ka- 
band). The power coefficients of reflection (R), absorption (A), trans
mission (T), and the total EMI shielding efficiency (EMI SET) are 
calculated from the scattering parameters (S11 and S21) according to the 
following equations. 

R = |S11|
2
= |S22|

2 

T = |S21|
2
= |S12|

2 

A=1 − R − T 

SER = − 10 log(1 − R)

SEA = − 10 log
(

T
1 − R

)

SET =SEA + SER 

3. Results and discussion

3.1. Synthesis, functionalization, and characterization of Ti3C2Tx 
MXene-Based composites

To establish the properties of the materials used, we first charac
terized the Ti3C2Tx MXene and the water-borne polyimide (W-PI). 
Ti3C2Tx MXene was synthesized from the Ti3AlC2 MAX phase by the 
MILD etching method [26], with details in the experimental section. 
SEM image in Fig. S1A shows that the typical lateral size of the MXene 
sheets was approximately 4 μm. Also, it was observed that MXene was 
well delaminated into single sheets, indicated by their high 

transparency. The chemical structure of Ti3C2Tx was analyzed using 
X-ray photoelectron spectroscopy (XPS). The Ti 2p peak was fitted with 
four doublets in Ti 2p1/2 and Ti 2p3/2 with an area ratio of 1:2 where 
each doublet peak is separated by 5.8 eV. The Ti 2p3/2 peaks centered at 
454.8, 455.7, 456.9, and 458.7 eV were assigned to Ti–C, Ti2+, Ti3+, and 
TiO2, respectively. The low intensity of the TiO2 peak in the Ti 2p peak 
indicates that the MXene is high quality with minimal oxidation. The O 
1s peak and F 1s peak also were obtained to analyze the functional 
groups of Ti3C2Tx. The O 1s peak was divided into four major peaks 
centered at 529.4, 529.9, 531.9, and 533.8 eV, corresponding to TiO2, 
Ti–O–Ti, Ti–OH, and Ti–H2O, respectively. The Ti–O–Ti and Ti–OH peak 
suggest that –O and –OH functional groups are present on the surface of 
the Ti3C2Tx. Also, The Ti-Fx peak in the F 1s peak region indicates the 
simultaneous presence of –F functional groups on the surface. Addi
tionally, the synthesis and characterization of W-PAAS are shown in 
Fig. S2. The synthetic process for BPDA/pPDA-based W-PAAS is depic
ted in Fig. S2A. In this process, 3,3,4,4-Biphenyltetracarboxylic dia
nhydride (BPDA) and p-phenylenediamine (pPDA) were first carefully 
dried in a vacuum oven at 200 ◦C and 70 ◦C for 6 h, respectively, to 
remove any residual moisture, ensuring optimal reactivity during the 
polymerization. Subsequently, the tertiary amine, 1,2-dimethylimida
zole (DMIZ), was added to facilitate the polycondensation reaction be
tween BPDA and pPDA, which occurred in an aqueous medium [25]. 
The reaction was monitored for complete synthesis under controlled 
conditions, leading to the formation of the polyimide-based W-PAAS. 
The successful synthesis was confirmed through several analytical 
techniques, including 1H NMR spectroscopy (Fig. S2B), size exclusion 
chromatography (SEC, Fig. S2C), and ATR-IR spectroscopy (Fig.s S2D 
and S2E). These analyses validate the thermal imidization process and 
the structural transformation from W-PAAS to W-PI, which constitutes 
the foundational matrix for the polyimide used in this study.

Pristine Ti3C2Tx MXene, despite its outstanding properties, encoun
ters significant dispersion challenges in aqueous W-PAAS systems, as 
illustrated in Fig. 1A [20]. This is due to the aggregation between 
negatively charged MXene sheets and the positively charged W-PAAS, 
which detrimentally affects their uniform hybridization in composite 
systems. To address this limitation, PCE was employed as a functional
izing agent, as shown in Fig. 1B [27]. PCE functionalization enhances 
the solubility and dispersion of MXene sheets, facilitating their uniform 
integration into the polymer matrix. As highlighted in Fig. 1C, the 
PCE-MXene is expected to create a uniform dispersion with W-PAAS 
without having the charge-induced aggregation issues that are observed 
for pristine MXene systems.

The rheological properties of PCE-MXene in W-PAAS solutions (PMS) 
were analyzed to optimize the composite formulation for enhanced 
processability and performance. To verify the absence of aggregation, 
Fig. S3 presents real images of PMS-30, PMS-50, PMS-70, and PMS-90, 
corresponding to MXene-to-PI mass ratios of 3:7, 5:5, 7:3, and 9:1, 
respectively. These images confirm uniform distribution across all 
compositions, ensuring the structural integrity and functionality of the 
composites. Fig. S4 provides supporting evidence, with Fig. S4A
showing viscosity measurements and Fig. S4B illustrating overall rheo
logical behavior. Regardless of solid content ratio variations, all dis
persions exhibit typical viscoelastic properties, commonly observed in 
well-dispersed 2D material suspensions. The high viscosity at low 
shear rates and low viscosity at high shear rates make these formulations 
well-suited for large-scale film and coating applications. Fig. 1D shows 
that at a fixed shear rate of 20 s− 1, PMS-70 exhibits the highest viscosity, 
suggesting that MXene-PCE interactions influence the internal solid 
structure. Beyond viscoelastic properties, the high zero-shear viscosity 
enhances the long-term stability of composite dispersions, making them 
effective for industrial applications. To further support the interaction 
mechanism between W-PAAS and PCE, we performed density functional 
theory (DFT) calculations and analyzed the electron density difference 
of each molecule. As shown in Fig. S5, W-PAAS exhibits an overall 
positive electrostatic potential, while PCE displays strong electron 

N.G. Kim et al.                                                                                                                                                                                                                                  Composites Part B 304 (2025) 112805 

3 



accumulation around oxygen atoms. This charge separation suggests a 
favorable electrostatic interaction between the two components, which 
likely contributes to the stable dispersion of PCE-functionalized MXene 
in the W-PAAS matrix.

Fig. 1E illustrates the structural transformations upon thermal 
imidization of W-PAAS into W-PI in the presence of PCE-MXene. During 
this process, PMS was assembled into a film using a slot-die coater, in 
which shear thinning facilitates the laminar alignment of PCE-MXene 
nanosheets. After film formation, heat was sequentially applied to the 
film which leads to three main structural transformations. First, W-PAAS 
was transformed into PI through thermal imidization. Second, PCE is 
degraded at high temperatures, in which the evolution of gaseous hy
drocarbon species and water during the removal of PCE creates micro
pores within the structure. Third, the interlayer spacing between 
adjacent MXene sheets is increased due to the removal of intercalated 
species within the confined composite structure. The evolution of such 
pores is expected to play a significant role in enhancing the EMI 
shielding performance by providing multiple pathways for the reflection 
and absorption of electromagnetic waves, thereby improving the com
posite’s overall effectiveness.

3.2. Pore formation mechanisms in PM composites

The PCE-Ti3C2Tx MXene/PI (PM-XX) composite films were fabri
cated through a sequential process consisting of mixing, solution cast
ing, and thermal imidization. In the designation PM-XX, "XX" represents 
the weight fraction of MXene in the composite. The PM-XX composites 
were systematically analyzed to assess their morphological, electrical, 
and structural properties. Scanning electron microscopy (SEM) images 
in Fig. 2A illustrate the morphology of PM composites with different 
MXene contents (PM-30, PM-50, PM-70, and PM-90). These images 
demonstrate that the shear thinning effect during film formation effec
tively aligned the MXene sheets, resulting in a well-ordered, layered 
structure. Additionally, SEM-EDX elemental mapping (Fig. S6) further 
confirms the uniform distribution of MXene, supporting the formation of 

efficient conductive networks even in highly porous samples such as PM- 
70. Fig. 2B compares the electrical and mechanical properties of the PM 
composites across different MXene-to-polyimide ratios. Electrical con
ductivity exhibits a linear increase with higher MXene content, ranging 
from 90.2 to 1111 S/cm across PM-30 to PM-90, attributed to the 
enhanced conductive network formed by the aligned MXene sheets. 
Interestingly, while tensile strength typically declines with increasing 
MXene concentration, it remains stable between PM-50 and PM-70. This 
stability highlights the importance of uniform dispersion in preserving 
mechanical integrity, even at elevated MXene concentration. Conse
quently, the PM-70 composite emerges as the optimal formulation, 
balancing high electrical conductivity with robust mechanical proper
ties, making it well-suited for advanced applications. Fig. S5 supports 
these findings by presenting stress-strain curves for all PM composites, 
illustrating their mechanical behavior across compositions.

The pore generation behavior during the synthesis of PM composites 
was investigated through thermogravimetric analysis (TGA), where 
Fig. 2C depicts the change in weight prior to imidization. The TGA re
sults show that the decomposition of the PCE–MXene mixture begins 
near 250 ◦C, which overlaps with the imidization range of W-PAAS. 
Given that thermal imidization reaches completion above 350 ◦C, as 
confirmed by additional TGA data (Fig. S9), PCE is expected to fully 
decompose during the curing process, enabling in situ pore formation. 
When the temperature is gradually increased during thermal treatment, 
the TGA analysis reveals two distinct weight loss events. Initially, at 
around 100 ◦C, a slight decrease in weight occurs, corresponding to the 
loss of water and DMIZ as the imidization begins. As the temperature 
rises further, around 350 ◦C, a significant weight loss is observed, which 
corresponds to the evaporation of the PCE treatment from the MXene. 
This dual process—both imidization and PCE evaporation—results in 
the formation of a porous structure in the final composite material. The 
removal of PCE from the MXene surface during thermal treatment cre
ates voids and contributes to the overall porosity of the composite, while 
the imidization reaction solidifies the polyimide matrix, reinforcing the 
structure. The final composite films exhibit a unique porous 

Fig. 1. Characterization and properties of pristine and PCE-functionalized MXene in W-PAAS solutions. (A) Schematic illustration of pristine Ti3C2Tx MXene 
highlighting its aggregation behavior in aqueous solutions. The inset shows a real image of aggregated MXene sheets. (B) Schematic of the polycarboxylate ether 
(PCE) functionalization process, demonstrating the improved solubility and dispersion of MXene in W-PAAS solutions. (C) Schematic representation of the high 
solubility and uniform dispersion of PCE-functionalized MXene (PCE-MXene) in W-PAAS solutions. The inset displays a real image of the homogeneous dispersion 
achieved with PCE treatment. (D) Viscosity of PMS with varying MXene-to-polyimide ratios, measured at a fixed shear rate of 20 s− 1, showing the highest viscosity at 
a 3:7 ratio (PMS-70). (E) Schematic of the dual pore formation mechanism during thermal imidization. Micro-pores form due to PCE evaporation, while nano-pores 
emerge from the thermal expansion of MXene, significantly enhancing EMI shielding performance.
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morphology, which can be understood through the combined effects of 
the thermal imidization process and the simultaneous loss of PCE from 
the MXene. Additional TGA data for W-PAAS, W-PI, and PM composites 
are presented in Fig. S6, which clearly demonstrate the water loss during 
W-PAAS imidization and the thermal decomposition of composites after 

imidization. It could be intuitively seen that composites with lower 
MXene content show larger weight loss due to the decomposition of PI 
near 600 ◦C, while the MXene layer is known to be stable up to 800 ◦C.

Transmission electron microscopy (TEM) images in Fig. 2D directly 
show the formation of pores, showing that the number of micro-pores 

Fig. 2. Morphological, electrical, and structural properties of PM composites. (A) Scanning electron microscopy (SEM) images of PM composites with varying 
MXene-to-polyimide ratios (PM-30, PM-50, PM-70, and PM-90), showing well-aligned and layered structures formed during the shear thinning process. (Scale bar =
2 μm). (B) Comparison of electrical conductivity and tensile strength of PM composites as a function of MXene content. (C) Thermogravimetric analysis (TGA) results 
of PM composites, showing complete removal of PCE during imidization, which leads to micro-pore formation. (D) Transmission electron microscopy (TEM) images 
of PM composites, revealing an increase in micro-pore formation with higher MXene content due to greater PCE presence. All scales are 2 μm. (E) The interlayer d- 
spacing of MXene sheets after thermal imidization was analyzed using X-ray diffraction, revealing the formation of nano-pores within the composite structure. (F) 
Schematic illustration of hierarchical dual pore formation mechanism. Micro-pores are generated through PCE evaporation, while nano-pores are created by the 
thermal expansion of MXene sheets.
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increases with MXene concentration. This phenomenon is attributed to 
the higher PCE content in composites with elevated MXene proportions. 
The porous nature of the composites was further quantified using 
Brunauer-Emmett-Teller (BET) analysis, as presented in Fig. S7, which 
demonstrates a significant increase in internal surface area from PM-30 
to PM-90, highlighting the impact of pore formation on the composite 
structure. Notably, BET results show that pore structures are not 
detected for films that have been only heated up to 250 ◦C, which is 
below the PCE decomposition temperature, as shown in Fig. S8. 
Consistent with the dual pore-forming mechanism, BET analysis 
(Fig. S12) revealed an increasing volume of nanopores (5–50 nm) with 

higher MXene and PCE content, supporting the enhanced EMI shielding 
performance of PM-70 and PM-90. These results support the hypothesis 
that PCE evaporation during imidization plays a crucial role in micro- 
pore formation. This structural transformation is further corroborated 
by the X-ray diffraction (XRD) patterns of PM composites (Fig. S9) and 
the corresponding d-spacing data in Fig. 2E. To further investigate the 
structural evolution during thermal imidization, XRD measurements 
were conducted on samples treated at 100 ◦C, 280 ◦C, and 380 ◦C. As 
shown in Fig. S14, the (002) diffraction peak of MXene progressively 
shifted to lower angles with increasing temperature, indicating an 
expansion of the interlayer spacing. This d-spacing increase is likely due 

Fig. 3. EMI shielding performance of PM composites in X-band and Ka-band ranges. (A) EMI shielding effectiveness (EMI SE) of PM composites (PM-30, PM-50, 
PM-70, and PM-90) in the X-band. (B) Comparison of EMI SET, SEA, and SER values across PM composites in the X-band. (C) EMI SE performance in the Ka-band, with 
similar trends to the X-band but exhibiting higher SET values. (D) Comparison of SET, SEA, and SER values across PM composites in Ka-band, showing a consistent 
increase with higher MXene content, while SER shows minimal variation. (E) Power coefficients for reflection (R), absorption (A), and transmission (T) of PM 
composites, illustrating the reflection-dominant shielding mechanism. (F) Comparative analysis of EMI SE and thickness of PM-70 with other MXene/polymer and 2D 
material-based composites, demonstrating PM-70’s superior performance with an EMI SE of 66.1 dB and a thickness of 0.037 mm.
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to internal gas release and thermal expansion associated with PCE 
decomposition, supporting the development of hierarchical porosity. 
During composite formation, the presence of PCE initially increases the 
interlayer spacing of MXene sheets. Following PCE removal, instead of 
reverting to the original spacing, the d-spacing expands further due to 
the thermal expansion of MXene sheets during the imidization process. 
This irreversible expansion indicates the formation of nano-pores within 
the composite structure. Fig. 2F schematically depicts the dual pore 
formation mechanism: micro-pores are generated through PCE evapo
ration, while nano-pores result from the thermal expansion of MXene 
sheets.

3.3. EMI shielding performance of PM composites

To evaluate the EMI shielding performance of the PM composites, we 
analyzed their shielding effectiveness (EMI SE) across two critical fre
quency bands: the X-band (8.2–12.4 GHz), widely used in radar 
communication, and the Ka-band (26.5–40 GHz), a major band for 5G 
communication. The results, presented in Fig. 3, provide comprehensive 
insights into the shielding mechanisms and their dependence on MXene 
content. In the X-band range, as detailed in Fig. 3A, the total shielding 
effectiveness (SET) values for PM-30, PM-50, PM-70, and PM-90 were 
measured as 31.4, 50.1, 66.1, and 74.2 dB, respectively, indicating a 
clear and consistent increase in shielding performance with higher 
MXene content. Notably, the SET values remained stable across the 
frequency band, demonstrating the reliability of the composites. By 
decomposing SET into reflection (SER) and absorption (SEA) compo
nents, Fig. 3B and the supporting data in Fig. S10 reveal that SEA values 
significantly increased with MXene content, ranging from 19.0 dB for 
PM-30 to 57.6 dB for PM-90, while SER values remained relatively 
constant at approximately 10–20 dB. As the MXene content increased, 
the shielding effectiveness due to absorption (SEA) accounted for a 
larger proportion of the total EMI shielding, while the contribution from 
reflection (SER) remained nearly constant. A similar trend was observed 
in the Ka-band, as shown in Fig. 3C. The total shielding effectiveness 
(SET) values for PM-30, PM-50, PM-70, and PM-90 were 32.7, 58.9, 
85.0, and 93.1 dB, respectively, demonstrating a clear correlation be
tween increased MXene content and enhanced shielding performance 
(Fig. 3D). The overall shielding performance is better at higher fre
quencies, as electromagnetic waves interact more frequently with the 
shielding material at the molecule or atom level, leading to better energy 
absorption. Also, as the skin depth becomes smaller at higher fre
quencies, the effective thickness is increased to eventually enhance the 
shielding effectiveness.

The exceptional performance of the PM composites can be attributed 
to the synergistic effects of high electrical conductivity, uniform 
dispersion of MXene sheets, and the development of internal porous 
structures. The inherent conductivity of MXene ensures that a substan
tial portion of incident electromagnetic waves is reflected at the com
posite’s surface, as evidenced by SER values in the range of 10–20 dB, 
corresponding to over 90 % reflectivity. As shown in Fig. 3E, the power 
coefficients for reflectivity, absorptivity, and transmissivity confirm a 
reflection-dominant shielding mechanism. On the other hand, the in
ternal structure of the composites plays an equally crucial role in 
attenuating the remaining waves, evidenced by the high SEA values. The 
SEA value can be first estimated using the Simon formalism. In the case 
where the shielding material has sufficient electrical conductivity 
without magnetism, the equation for absorption contributions can be 
expressed as follows: 

SEA (dB)= 1.7t
̅̅̅̅̅
σf

√

where σ (S/cm), t (cm), and f (MHz) refer to sample electrical conduc
tivity, sample thickness, and EM wave frequency, respectively. Taking 
PM-70 as an example, the calculated SEA values at the X-band and K- 
band are 17.0 and 26.0 dB, respectively. In both cases, the calculated 

values are lower than the measured SEA values at the X-band and Ka- 
band, which are 48.6 and 65.8 dB, respectively. This is because the 
PM composites have extensive porous structures that can have addition 
effects, which are not taken into consideration in the equation above. 
The hierarchical porous structures, formed through PCE evaporation 
during imidization and the thermal expansion of MXene sheets, enable 
internal reflections and scattering events, effectively attenuating elec
tromagnetic waves that penetrate the surface. As the MXene content 
increases, a larger number of pores evolve in the composites, enhancing 
their contribution to the total shielding effectiveness through increased 
SEA values. Consequently, the PM-90 composite, which has the highest 
MXene content, naturally exhibits the greatest EMI shielding efficiency. 
However, PM-70 was identified as the optimal material due to its 
balanced performance and mechanical durability, making it more suit
able for practical applications. Although PM-90 shows the highest 
electrical conductivity and shielding effectiveness, its tensile strength 
drops to 35 MPa, indicating poor mechanical integrity. In contrast, PM- 
70 offers a better balance between electrical and mechanical properties 
(tensile strength = 59 MPa). Similar trade-offs have been observed in 
other high-loading MXene/polymer systems, where mechanical perfor
mance deteriorates beyond a certain filler threshold due to disrupted 
polymer chain alignment [28].

Finally, Fig. 3F compares the performance of PM composites with 
other MXene- and 2D material-based polymer composites, highlighting 
the superior EMI shielding efficiency of the PM-70 composite [29–45]. 
With an EMI SE of 66.1 dB at an ultrathin thickness of 0.037 mm, PM-70 
outperforms existing materials in both shielding effectiveness and 
compactness, highlighting its potential for lightweight, 
high-performance EMI shielding applications in modern electronic de
vices. This comprehensive analysis describes the critical role of MXene 
content and the evolution of internal porous structures in achieving 
exceptional EMI shielding performance. These results provide a pathway 
for developing advanced composite materials tailored to the re
quirements of next-generation communication and electronic systems.

3.4. Scalability, flexibility, and stability of PM composite films

To evaluate the scalability, flexibility, and stability of the PM com
posite films, a series of experiments was conducted, as illustrated in 
Fig. 4. Fig. 4A presents a photograph of a PM-XX composite film fabri
cated using a slot-die coating process, where the PMS-XX solution was 
dispensed onto a PET substrate at a flow rate of 2 mL/min, with the 
coating head moving at 40 mm/s. Following coating, the film was 
carefully separated from the substrate and thermally imidized through 
sequential steps up to 380 ◦C, yielding free-standing PM composite films 
measuring 3 cm × 3 cm. Fig. S11 highlights the scalability of the slot-die 
coating process through photographs of large-area coated films, 
demonstrating its potential for industrial-scale applications. This scal
ability is clearly demonstrated in Movie S1, which documents the 
continuous slot-die coating process, and Movie S2, which captures the 
bending test procedure, effectively showcasing the flexibility and 
durability of the PM composite films. Fig. 4B displays a large-area PM 
composite film (15 cm × 15 cm) fabricated via slot-die coating, 
demonstrating the scalability of the method. This continuous coating 
process ensures uniform film quality over a large area, making it suitable 
for industrial-scale production. To evaluate the thickness uniformity of 
the large-area PM-70 film, we measured film thickness at 25 locations (5 
× 5 grid) across a 15 × 15 cm2 sample. The variation was minimal, 
confirming the feasibility of uniform film fabrication over large areas 
(Fig. S17). The flexibility of the PM composite films was assessed 
through bending tests, as shown in Fig. 4C. The cyclic bending test was 
conducted at a frequency of 1 cycle per second, with a 0.5 s rest between 
each cycle. Samples measuring 1 cm × 3 cm were tested for their min
imum bending radii using a bending test machine, which revealed 
bending radii of 1.75 mm, 1.5 mm, 1.5 mm, and 1.2 mm for PM-30, PM- 
50, PM-70, and PM-90, respectively. These results highlight the high 
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flexibility of all compositions, with all films exhibiting bending radii of 
less than 2 mm, emphasizing the robustness and adaptability of the PM 
composites for flexible electronic applications.

To further assess mechanical durability, Fig. 4D presents the EMI 
shielding performance of PM composite films after 1000 bending cycles. 
Remarkably, the shielding effectiveness retained over 95 % of its initial 
value, even under repeated bending, demonstrating the exceptional 
mechanical resilience of the films. Additionally, Fig. S12 shows that the 
electrical conductivity of the PM composites also maintained over 95 % 
of its initial value after 1000 bending cycles, further confirming their 
structural integrity and functional durability. The long-term stability of 

the PM composites was assessed under ambient conditions, as shown in 
Fig. 4E, which compares the EMI shielding performance of pristine 
MXene and PM-70 composite films after one month of storage at room 
temperature. While the shielding performance of pristine MXene 
significantly declined due to oxidation, the PM-70 composite largely 
retained its initial performance. This stability is attributed to the pro
tective PI matrix, which effectively prevents environmental degradation 
of the MXene sheets, ensuring prolonged functionality. These results 
collectively demonstrate the scalability, flexibility, mechanical dura
bility, and long-term stability of PM composite films, establishing them 
as promising candidates for practical applications in flexible and durable 

Fig. 4. Large-area fabrication, flexibility, and stability of PM composite films. (A) Photograph of PM composite films fabricated via slot-die coating onto a PET 
substrate and thermally imidized, showing a film size of 3 cm × 3 cm. (B) Large-area PM composite film (15 cm × 15 cm) produced using the slot-die coating method, 
demonstrating scalability. (C) Bending test of PM composite films with a sample size of 1 cm × 3 cm. Bending radii of PM-30, PM-50, PM-70, and PM-90 are 1.75 mm, 
1.5 mm, 1.5 mm, and 1.2 mm, respectively. (D) EMI SE retention after 1000 bending cycles, with PM composites maintaining over 95 % of their initial performance. 
(E) Long-term stability of PM-70 compared to pristine MXene. After one month at room temperature, PM-70 retains high EMI SE due to polyimide protection, while 
MXene exhibits significant degradation. (F) Summary of stability and flexibility tests, emphasizing the potential of PM composites for durable, flexible and adaptable 
EMI shielding applications.
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EMI shielding materials.

4. Conclusion

This study demonstrates the successful development of high- 
performance PM composites through a scalable slot-die coating pro
cess. The use of polycarboxylate ether (PCE) as a functionalizing agent 
significantly enhanced the solubility, dispersion, and alignment of 
Ti3C2Tx MXene sheets within a water-borne polyimide (W-PI) matrix. 
The unique hierarchical porous structures, created via PCE evaporation 
and the thermal expansion of MXene during imidization, significantly 
enhanced internal reflection and absorption pathways, establishing SEA 
as the dominant shielding mechanism. The resulting composites 
exhibited outstanding electrical conductivity, mechanical robustness, 
and superior EMI shielding performance, with the PM-70 composite 
achieving an EMI SE of 66.1 dB in the X-band and 85.0 dB in the Ka-band 
at an ultrathin thickness of 0.037 mm. These films demonstrated 
remarkable flexibility, achieving bending radii below 2 mm for all 
compositions, and maintained over 95 % of their initial shielding and 
electrical properties after 1000 bending cycles. Furthermore, the poly
imide matrix effectively protected the MXene sheets from oxidation, 
ensuring long-term environmental stability. The integration of scal
ability, flexibility, and durability in the PM composites makes them 
highly suitable for modern electronic applications where compact, 
lightweight, and reliable EMI shielding materials are essential. This 
work suggests the potential of Ti3C2Tx MXene-based composites as a 
versatile platform for advancing EMI shielding technologies, meeting 
the demands of next-generation communication and electronic systems.
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